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Abstract - Photons are critical to quantum tech-
nologies since they can be used for virtually all
quantum information tasks: in quantum metrol-
ogy [1], as the information carrier in photonic
quantum computation [2, 3], as a mediator in hy-
brid systems [4], and to establish long distance
networks [5]. The physical characteristics of pho-
tons in these applications differ drastically; spec-
tral bandwidths span 12 orders of magnitude from
50 THz [6] for quantum-optical coherence tomog-
raphy [7] to 50 Hz for certain quantum memo-
ries [8]. Combining these technologies requires
coherent interfaces that reversibly map centre
frequencies and bandwidths of photons to avoid
excessive loss. Here we demonstrate bandwidth
compression of single photons by a factor 40 and
tunability over a range 70 times that bandwidth
via sum-frequency generation with chirped laser
pulses. This constitutes a time-to-frequency in-
terface for light capable of converting time-bin to
colour entanglement [9] and enables ultrafast tim-
ing measurements. It is a step toward arbitrary
waveform generation [10] for single and entangled
photons.
Coherent photonic interfaces are paramount for fu-
ture quantum technologies. In quantum networks [5] for
example, photon pairs at 1550 nm—optimum for low-
loss transmission—distribute entanglement between net-
work nodes consisting of quantum memories. Parametric
downconversion (SPDC) sources are widespread for pro-
ducing entangled photon pairs [11], and typically yield
spectral bandwidths of 300 GHz. The most efficient
quantum memories [12] however typically operate in the
near visible wavelength regime near 800 nm with nar-
rower bandwidths on the order of 10 MHz. This dilemma
has partly been addressed through centre-frequency con-
version [13] of single photons using nonlinear optical pro-
cesses in crystals [14–18], photonic crystal fibres [19]
and Rubidium vapor [20]. This conversion process can
be highly efficient [16, 21] and can conserve quantum
coherence [13, 15, 17–20]. Some quantum memory
schemes [22] offer very limited control over the spectrum
of reemitted photons through varying parameters of the
control laser [23].
Nonlinear optics has much more potential for ma-
nipulating and controlling the spectrum of single pho-
tons. Sum-frequency generation (SFG) is a nonlinear
optical process in which a pair of optical fields of fre-
quencies ν1 and ν2 create a third field with frequency
ν3 = ν1 + ν2 [1]. When the driving fields are transform-
limited laser pulses and the acceptance bandwidth of
the material is sufficiently large, the bandwidth of the
SFG is larger than that of the input fields. Repeating
this process with shaped, rather than transform-limited
pulses, can drastically alter the spectrum of the SFG sig-
nal. Specifically, oppositely-chirped laser pulses in SFG
and equally-chirped laser pulses in difference-frequency
generation lead to narrow output spectra [25–27]. It
was recently proposed theoretically to employ SFG be-
tween a chirped classical pulse and a single photon to
enable compression of the photon pulse in time [10]; in-
teraction of a short laser pulse with the emission from a
quantum dot achieves [18] similar results through tem-
poral gating. In this letter, we exploit pulse chirping of a
classical laser and a single photon to compress the band-
width of the single photon, from 1740 GHz to 43 GHz,
which is nearing the bandwidth regime of some quantum
memories [28, 29]. When combined with shaped pulses,
nonlinear optics in the quantum regime promises a new
level of control over single photons [10, 30].
Our scheme, depicted in Fig. 1(a), uses SFG between a
chirped single photon and an oppositely chirped intense
laser pulse. The photon is chirped such that its frequency,
centered at ν0,P , increases in time, while the strong pulse
centred at ν0,L is anti -chirped such that its frequency de-
creases linearly in time. When the photon and pulse ar-
rive at the crystal simultaneously, a red-shifted frequency
component (ν0,P −δ) will meet a blue-shifted component
(ν0,L+δ) with the same detuning δ and as a consequence,
all frequency components will sum to a narrow frequency
centered on ν0,SFG = ν0,P + ν0,L.
A light pulse can be described by the frequency-
dependent electric field, E(ν) = U(ν)eiφ(ν), where U(ν)
and φ(ν) define the amplitude and phase, respectively. A
linear chirp results when a transform-limited pulse is sub-
ject to a quadratic phase, φ(ν) ∼ A(ν− ν0)2, with ν0 the
central frequency and A is a constant. A chirp increases
the pulse duration and causes its instantaneous frequency
to vary linearly in time ν(t) = dφ(t)dt = ν0±2pi 12A t. When
the chirped single photon (P) and anti-chirped strong
laser pulse (L) have a relative time delay at the nonlin-
ear crystal, ∆τ , the expected upconverted frequency is
ν0,SFG(τ) = ν0,P + ν0,L + 2pi
1
2A
∆τ , (1)
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FIG. 1: Single-photon bandwidth compression scheme. a, A broad-bandwidth single photon (P) with a linear frequency
chirp is converted into a narrow-band photon of a higher frequency via sum-frequency generation (SFG) with a strong laser
pulse (L) of opposite chirp, in a nonlinear crystal (NL). b, Experimental setup. The photon P is generated via spontaneous
parametric down-conversion (SPDC) in a β-Barium-Borate (BBO) crystal (Type-I, 1 mm) and sent through 34 m of optical
fiber (SMF) to introduce a linear chirp via group velocity dispersion [33]. The strong laser pulse is anti-chirped after a double-
pass between two diffraction gratings (DG, 1200 lines/mm) [33]. The spectrally narrowed photon is generated in a 1 mm thick
Bismuth-Borate (BiBO) crystal and detected with a photomultiplier tube (PMT) or sent to a spectrometer. For alignment
purposes, the single photons can be substituted by a weak coherent state (W), split off from the laser beam using a half-wave
plate and a polarizing beam-splitter.
where we assume the pulses have equal and opposite
chirp, ±A. We consider the large chirp limit, where each
pulse is stretched many times its transform-limited du-
ration, i.e., A2∆ν4  1, where ∆ν is the full width at
half-maximum (FWHM) of the spectral intensity distri-
bution. We show in the Supplementary Material that
the expected intensity bandwidth (FWHM) of the up-
converted single photon is
∆νTHSFG ≈
ln 4
A
√
1
∆ν2P
+
1
∆ν2L
. (2)
Our technique thus compresses the spectral bandwidth of
the photon by a factor inversely proportional to the chirp
parameter A. By adjusting the delay between the pulses,
the central frequency ν0,SFG(τ) of the upconverted pho-
tons can be tuned over some frequency range, approxi-
mately
√
∆ν2P + ∆ν
2
L (see Supplementary Information),
limited by the spectra of the initial single photon and
laser pulse.
The experimental setup is shown in Fig. 1(b); more
details are in the Methods. The second harmonic of
a pulsed laser is used to produce non-degenerate sig-
nal and idler photons through down-conversion, while
the remainder of the fundamental serves as the strong
classical pulse. We first measure the spectrum of the
signal photons at the source, after the interference fil-
ter IF1, using a fiber-coupled spectrometer and find a
width ∆νP = 1740 ± 50 GHz FWHM centered around
811.11 ± 0.01 nm, see Fig. 2. The photons are then
sent through an optical fiber with positive dispersion
and superposed with the anti-chirped strong laser pulse
(∆νL = 4770 ± 20 GHz) centered at 787.62 ± 0.02 nm)
at the nonlinear crystal for sum-frequency generation.
The upconverted light is coupled into a single-mode
fiber and sent to the spectrometer. As shown in Fig. 2,
we observe significant spectral compression. The mea-
sured bandwidth is ∆νM = 74 ± 4 GHz centered at
399.7 nm. Taking the resolution of our spectrometer into
account, ∆νR = 60±4 GHz (FWHM), the actual width of
the upconverted photon after deconvolution is ∆νEXPSFG =√
∆ν2M −∆ν2R = 43± 9 GHz (see Supplementary Infor-
mation for more details). This agrees closely with theory,
∆νTHSFG = 32.9±0.9 GHz from equation (2), using the ex-
pected chirp parameter A = (−25.8±0.3)×106 fs2 given
by the geometry of our grating-based stretcher. We have
therefore achieved a compression ratio of 40:1 in the sin-
gle photon frequency bandwidth. Similar measurements
were made after replacing the single photons by a weak
coherent state (W), shown in Fig. 1(b). The correspond-
ing measured spectral width of the upconverted light was
67±4 GHz, or 30±12 GHz after deconvolution, showing
similar performance with a classical chirped pulse with
the same characteristics as the signal photons.
Figure 2 shows the spectrum predicted by theory which
would result from upconversion of the signal photon us-
ing the same pump laser without any chirp. The con-
version in this case actually broadens the spectral band-
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FIG. 2: Single-photon spectra in wavelength (top) and
relative frequency (bottom). The signal photons at the
source (shown in red) have an initial bandwidth of 1740 GHz
centred at 811 nm after transmission through an interference
filter. Once the quadratic phase is applied and the photons
are upconverted, the photon bandwidth reduces to 74±4 GHz
centred at 399.70 nm (blue curve). The spectra are shown as
normalised spectral intensities and for the upconverted sig-
nal case, correspond to the average of six consecutive scans
of 20 minutes acquisition time. We subtracted background
counts determined by a supplementary scan with the signal
photon path blocked. The blue dashed curve shows the theo-
retical spectrum of photons upconverted without our chirping
technique but otherwise identical conditions.
width of the original photon by a factor of 3, increasing
the bandwidth gap between flying broadband photons
and narrowband quantum memories, which further high-
lights the importance of our scheme.
The central wavelength of the narrowband upconverted
photons can be tuned by controlling the relative delay ∆τ
between the photon and the laser pulse, see equation (1).
The SFG spectrum was measured as a function of the de-
lay of the single photon, with fitted central wavelengths
shown in Fig. 3. The data shows that the wavelength
depends linearly on the delay as expected. The linear fit
gives a slope of −0.0640 ± 0.0005 nm/ps in good agree-
ment with −0.0648± 0.0008 predicted from equation (1)
and A = (−25.8 ± 0.3) × 106 fs2. If the weak coher-
ent state is used instead of single photons, we observe
the same behaviour in the spectrum of the upconverted
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FIG. 3: Wavelength tunability. The center wavelength
of the upconverted light can be tuned by controling the rel-
ative delay between the input pulses at the nonlinear crys-
tal. The blue circles represent the central wavelength of
the upconverted single photon, covering a range of 3 nm.
The upconverted light from the weak coherent state behaves
the same way and is plotted with the black squares. The
lines are linear fits yielding slopes of −0.0640± 0.0005 nm/ps
and −0.0641 ± 0.0001 nm/ps for the single photons and the
weak pulses, respectively. The vertical offset between the two
curves (∼ 0.2 nm) comes from a slight difference in the delay
between the weak coherent state and the single photons at
the crystal and a difference in their central wavelength. The
error bars are smaller than the data points.
light, and the data are also shown in Fig. 3. The lower
SFG signal for single photons required longer integration
times than for the coherent states; to reduce the effects
of drift in experimental parameters all of the data in Fig.
3 was taken within a day. For the single photons, we fo-
cused on those delays demonstrating the widest possible
tuning range. From the slope, we can extract the chirp
parameter of A = (26.2±0.2)×106 fs2, in agreement with
expectations based on the parameters of the stretcher.
Photons from SPDC are created in pairs and are
strongly correlated in time; we expect these correlations
are preserved through spectral compression. We first
measured coincidence counts between single photon de-
tectors placed in the source as a function of a time de-
lay between the counts. Figure 4(a) shows the coin-
cidence counts versus delay, without background sub-
straction. The peak around zero delay corresponds to
a rate of 160,000 s−1, within a 3 ns coincidence win-
dow. The histogram also contains side peaks from acci-
dental coincidences with a separation of 12.5 ns match-
ing the laser repetition rate. After propagating through
the single-mode fibre, the signal photons are upconverted
and detected with a single-photon counting photomulti-
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FIG. 4: Temporal correlations with the idler photon.
a, The signal and idler from SPDC are produced in pairs,
strongly correlated in time with a total measured coincidence
rate of 160, 000 s−1 around zero delay. b, The upconverted
single photon maintains the strong timing correlation ex-
pected from individual photon pairs, and a coincidence rate
of 50 s−1 is detected. c, If the weak coherent state is up-
converted instead, the histogram shows equal height peaks
as expected for pulsed, but uncorrelated events. For each
histogram, the optical path length difference with the idler is
accounted for in post-processing and the abscissa is a variable
electronic delay. An additional electronic delay box, with an
observed asymmetric temporal jitter, was used on the idler
side only, causing the asymmetry in b) and c). Error bars, 1
s.d. too small for this scale.
plier (PMT). Figure 4(b) clearly shows that the coin-
cidence rate observed at zero-delay between the upcon-
verted and idler photons exceed the accidentals, preserv-
ing the strong timing correlation associated with indi-
vidual photon pairs. If we instead upconvert the weak
coherent state, which shares the spectral and temporal
properties of the signal photon, all observed peaks in
Fig. 4(c) have the same height, as expected for a pulsed,
but temporally uncorrelated source.
The efficiency of the upconversion process in our ex-
periment is 0.06% with 300 mW of average power for
the strong beam. Dramatically higher efficiencies can be
achieved with the use of periodically poled crystals and
higher pump powers [16, 21]. The technique here can,
in principle, reach high efficiency; however higher laser
power will be required for increased compression. One
doesn’t require 100% conversion efficiency to achieve a
net gain. Ignoring the shift in centre frequency, one has
an advantage once the efficiency is greater than about
100%/R, where R is the ratio of the initial to final band-
width, which in our case is 40, for an efficiency of just
2.5%. The amount of negative dispersion achievable lim-
its the maximum compression; with achievable parame-
ters [31] and our spectra, one could achieve compression
down to ∼1 GHz.
Future work will explore the case when the single pho-
ton is entangled with another. It is expected that po-
larization entanglement could be preserved by employ-
ing polarization-insensitive upconversion [17]. Theoreti-
cal calculations show that energy-time entanglement dra-
matically impacts this phenomenon (see Supplementary
Information). Our technique could serve as a coherent
interface between time-bin and frequency encodings of
quantum information due to the delay-dependent cen-
tral frequency, allowing the conversion of time-bin en-
tanglement to colour entanglement [9]. It also enables
ultrafast timing measurements with slow detectors [11]
by converting different pulse arrival times to different fre-
quencies which could more easily be distinguished. With
our experimental parameters, one could distinguish time
bins with separation as short as 0.6 ps over a 40 ps
range. Future work will investigate nonlinear interac-
tions with more complex shaped pulses for manipulating
single photons; for example, coherent superpositions of
chirped pulses with different delays would allow ultrafast
single-photon time-bin measurements. The application
of shaped pulse nonlinear optics is a promising and un-
explored regime at the quantum level.
Methods
Our laser (Spectra Physics Tsunami HP) has a
790 nm central wavelength, 10.5 nm spectral bandwidth
(FWHM), 80 MHz repetition rate, and 2.5 W aver-
age power. The laser repetition rate is stabilized by a
feedback system (Lok-to-clock) which is important for
the present experiment (see Supplementary Information).
Second-harmonic generation in a 2 mm thick BiBO crys-
tal yields a beam of 830 mW, centred at 394.2 nm with
1.3 nm bandwidth, which generates the broadband and
non-collinear photon pairs. In the signal-photon path,
the interference filter IF1 shown in Fig 1(b), with a
nominal bandwidth of 5 nm (FWHM) centered around
811 nm, is inserted to keep its central frequency sepa-
rated from that of the laser beam at 790 nm, to separate
the spectrum of the second-harmonic background from
our signal. Due to the energy conservation of SPDC,
an interference filter, IF2, centered around 770 nm and
nominal bandwidth of 3 nm is inserted in the path of the
idler-photon.
We first optimize the setup with a weak coherent state
(W), split off from the strong laser pulse using a half-
wave plate and a polarizing beam-splitter. An interfer-
ence filter (IF3) is inserted in its path and the transmitted
spectrum has a measured bandwidth of 3.85 ± 0.03 nm
(∆νW = 1760 ± 10 GHz) centered at 810.49 ± 0.01 nm,
closely matched to IF1.
The strong laser pulse was re-collimated before being
5anti-chirped in a grating-based setup [32], with normal
separation of 38 cm between the gratings, carefully ad-
justed to minimize the spectral width of the upconverted
light. The bandpass filter IF4 highly attenuates any
power in the tail of the laser spectrum above 800 nm
to further suppress second-harmonic background and af-
ter the filter, the pulse has a measured bandwidth of
9.86 ± 0.05 nm (∆νL = 4770 ± 20 GHz) centered at
787.62 ± 0.02 nm. We used an achromatic doublet with
a 75 mm focal length in the upconversion setup, and the
conversion efficiency was optimized by fine tuning the rel-
ative delay between the two inputs, the spatial overlap
at the crystal, and the phase matching by angle tuning.
A 14.5 nm bandpass filter IF5 with central wavelength at
405 nm is placed in the SFG beam to reduce background.
The weak beam is finally replaced by the single pho-
tons, with the same optical path length. We used a
spectrometer (Acton SP-2750A) with a 1200 lines/mm
diffraction gratings blazed for 400 nm and entrance open-
ing of 20µm with a resolution of 60 GHz. We use the
spectrograph, free-running mode with a back-illuminated
CCD camera (PIXIS: 2048B).
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7SUPPLEMENTARY MATERIAL
THEORY
We model the creation of upconverted single photons
through the interaction Hamiltonian, H, of a three-wave
χ(2) non-linear process. We assume that frequency band-
widths are narrow and perfect phasematching (~kP +~kL−
~kSFG = 0) is achieved, allowing us to simplify our Hamil-
tonian (ignoring constants) to
H ∝
∫∫∫
dν1dν2dν3aˆ
(P )
ν1 aˆ
(L)
ν2 aˆ
†(SFG)
ν3 δ(ν1 +ν2−ν3)+h.c.
(S1)
Our initial three-mode state |ψi〉 is defined as a single
photon |1〉P =
∫
dν1fP (ν1)e
iφP (ν1)|1ν1〉, a strong coher-
ent state |α〉L =
∫
dν2fL(ν2)e
iφL(ν2)|αν2〉 and an output
signal, initially vacuum |0〉SFG. For each of the input
pulses, the frequency distribution of the field amplitude is
assumed to be Gaussian, fi(νi) ∝ exp
[
−2 ln 2 (νi−ν0,i)2
∆ν2i
]
,
with intensity full-width at half-maximum (FWHM) ∆νi
and the phase term to contain only linear and quadratic
terms φi(νi) = 2pi(νi − ν0,i)τi + Ai(νi − ν0,i)2, where τ
corresponds physically to a time delay and A to a linear
chirp.
Assuming no frequency correlations between the single
photons and idler, a lossless and nondispersive medium,
and an interaction time much longer than optical fre-
quencies, the first order term of the time evolution of the
state (postselecting on the generation of a photon in the
output mode) is found to be proportional to
|ψ(2)f 〉 ∝∫∫
dν3dν1fP (ν1)fL(ν3 − ν1)ei(φP (ν1)+φL(ν3−ν1))|1ν3〉.
(S2)
From this, the electric field amplitude E(ν3) as a func-
tion of frequency is thus proportional to
E(ν3) ∝
∫
dν1fP (ν1)fL(ν3 − ν1)ei(φP (ν1)+φL(ν3−ν1)),
(S3)
which is the convolution of the frequency domain repre-
sentation of the two input pulses. Classically, assuming
narrow bandwidth, the field produced in sum-frequency
generation is directly proportional to the product of the
two input fields in the time domain, or the convolution
of the fields in the frequency domain [1]. Thus, the same
spectral properties are expected if both inputs are clas-
sical coherent states.
The field intensity |E(ν3)|2 of the upconverted photons
is found to have a spectral FWHM ∆νSFG independent
of time delay ∆τ ,
∆νSFG =√
(AL+AP )2∆ν4L∆ν
4
P+4 ln 4(∆ν
2
L+∆ν
2
P )
2
(A2L∆ν
2
L+A
2
P∆ν
2
P )∆ν
2
L∆ν
2
P+4 ln 4(∆ν
2
L+∆ν
2
P )
.
(S4)
In the case where no chirp is applied to the pulses, i.e.
AP = AL = 0, the bandwidth directly simplifies to√
∆ν2P + ∆ν
2
L. On the other hand, this bandwidth is
minimized for equal and opposite chirps AP = −AL =
A. If we also make the large chirp approximation that
A2∆ν4  1, the intensity width simplifies to
∆νSFG ≈ ln 4
A
√(
1
∆ν2P
+
1
∆ν2L
)
, (S5)
showing that the bandwidth is inversely proportional
to the chirp rate. For our experimental parameters,
A2∆ν4 = 6000 and the approximation affects the ex-
pected frequency bandwidth by only 0.002%.
The time delay ∆τ appears as a shift in the central fre-
quency ν0,SFG as well as an overall amplitude reduction,
but has no fundamental effect on the bandwidth of the
signal. Making the same assumptions as before, the cen-
tral frequency ν0,SFG is found to be a function of relative
delay ∆τ ≡ τ2 − τ1 as
ν0,SFG(τ) = ν0,P + ν0,L +
pi
A
∆τ. (S6)
The efficiency of the upconversion process will depend on
the overlap of the two pulses. If we define the frequency
shift in equation (6) as δν = pi∆τA , the intensity of the
upconverted light contains a constant prefactor reflecting
the overlap, exp
[
− 4 ln 2δν2
∆ν2P+∆ν
2
L
]
. This prefactor limits the
frequency tuning range to
√
∆ν2P + ∆ν
2
L FWHM.
Converting to wavelength as in Fig. 3 in the main text
and expanding to a first-order Taylor series about zero
delay, the linear wavelength shift with delay ∆τ is found
to be
λ0,SFG =
cAλ0,Pλ0,P
cA(λ0,P+λ0,L)+∆τpiλ0,Lλ0,P
(S7)
≈ λ0,Lλ0,Pλ0,P+λ0,P −
piλ20,Pλ
2
0,P
cA(λ0,L+λ0,P )2
∆τ. (S8)
EFFECT OF ENERGY-TIME ENTANGLEMENT
ON BANDWIDTH COMPRESSION
Spontaneous parametric down-conversion often emits
photons with varying degrees of energy-time entangle-
ment, depending on the phase-matching and pump char-
acteristics. Thus, it is important to consider the effect of
our compression scheme when the single photon is part
of an energy-time entangled pair. As we show in the
following calculations, the presence of energy-time en-
tanglement significantly alters the achievable bandwidth
compression with our scheme.
We assume that the photon of interest, the signal (s),
is potentially entangled with a second photon, the idler
(i), with a combined state of the form
|ψ0〉 ∝
∫∫
dνsdνifP (νs, νi)|1νs〉|1νi〉|0〉 (S9)
8where fP (νs, νi) is the joint spectral amplitude and may
be inseparable. Note that we implicitly assume a sin-
gle spatial and polarizaton mode for each photon, and
vacuum in a third SFG mode.
We consider a linear chirp eiA(νs−ν0)
2
applied to the
signal photon and use the Hamiltonian of equation (1)
to calculate the sum-frequency generated by a nonlinear
interaction with some anti-chirped strong laser pulse (L),
whose spectral amplitude is α(ν2) = fL(ν2)e
iφL(ν2). Us-
ing first-order perturbation theory and only considering
cases where a photon is created in the SFG mode, we
have the state
|ψf 〉
∝
∫∫∫
dνsdνidνSFGF (νs, νi, νSFG)|0〉|1νi〉|1νSFG〉
(S10)
where F (νs, νi, νSFG) = fP (νs, νi)e
iA(νs−ν0)2α(νSFG−νs).
To find the spectral distribution of the upconverted pho-
ton, we trace out the idler photon, leaving
S(νSFG)
∝
∫∫∫
dνsdν
′
sdνiF
∗(ν′s, νi, νSFG)F (νs, νi, νSFG).
(S11)
To obtain some physical intuition, we employ the
model two-photon spectral function
fP (νs, νi) ∝ e−
(νs−ν0)2
2σ2 e−
(νi−ν0)2
2σ2 e
− (νs+νi−2ν0)2
2σ2c (S12)
where σ is related to the bandwidth of each photon. The
constant σc, controls the degree of entanglement in the
system. In the limit where σc →∞, the correlation term
is constant and the spectral function is separable. In the
opposite limit, where σc → 0, the correlation term be-
comes a delta function δ(2ν0− νs− νi) and the two pho-
tons are perfectly energy-time entangled. For simplicity,
we have assumed the photons are degenerate, where the
central frequencies of the signal and idler photons are
equal. Note that the intensity spectral bandwidth of one
of the photons is ∆νP = 2
√
ln 2
√
σ2(σ2c+σ
2)
σ2c+2σ
2 .
We further assume that no time delay is present be-
tween the pulses and the nonlinear crystal and that the
chirps are equal and opposite, As = −AL = A. Defin-
ing the intensity bandwidth (FWHM) of the strong laser
pulse as ∆νL = 2
√
ln 2σL, and taking the large chirp limit
A2σ4  1, we find the intensity bandwidth (FWHM) of
the SFG,
∆νSFG = 2
√
ln 2×√
[σ2σ2L + σ
2
c (σ2 + σ
2
L)][σ
4 + 2σ2σ2L + σ
2
c (σ2 + σ
2
L)]
2σ2σ2L{σ2 + 2A2σ2c [σ4 + 2σ2σ2L + σ2c (σ2 + σ2L)]}
. (S13)
We consider the extreme limits of σc to draw some
general conclusions. Recall that, for σc nearing infinity,
the two-photon spectral distribution is separable (as we
assumed in our initial calculations) and each part of the
two-photon state is spectrally pure. In this limit, the
expression simplifies to
lim
σc→∞
∆νSFG ≈ ln 4
A
√(
1
∆ν2P
+
1
∆ν2L
)
. (S14)
This expression is identical to equation (2) of the main
text, where a spectrally pure input photon was assumed.
Now we consider the limit of an infinitely narrow
pump, where σc approaches zero. By inspection, the only
chirp-dependent term in the spectral width of equation
(13) is found to be also proportional to σ2c . Thus, when
the correlations are perfect, the spectral width is inde-
pendent of the chirp parameters and can be written as
lim
σc→0
∆νSFG =
√
∆ν2P + ∆ν
2
L (S15)
showing that compression via pulse shaping is rendered
completely ineffective in the perfectly correlated limit.
Note that this is the result obtained for separable states
with zero chirp. Thus energy-time entanglement signifi-
cantly impacts the degree of spectral compression.
The preceding calculation shows that energy-time en-
tanglement between the signal and idler photon can
dramatically alter the degree of bandwidth compression
achieved when the idler is traced out, i.e., ignored. We
can consider a related scenario where the idler photon
frequency is measured with outcome, ν0i . If we use equa-
tion (9) as our initial state again, the measurement of the
idler frequency will leave the signal in the pure state,
|ψ〉 =
∫
dνsfP (νs, ν
0
i )|1νs〉. (S16)
Since the signal is left in a pure state with no complica-
tions due to entanglement, we can apply the theory from
the Section I of this supplementary material. Specifically,
we expect the upconverted photon to be described by the
state in equation (2).
Using the specific functional form for fP in equa-
tion (12), we find that the single photon spectral am-
plitude function fP (νs, ν
0
i ) has an RMS spectral width,
σeff where,
σ2eff = σ
2
(
σ2c
σ2 + σ2c
)
. (S17)
This new effective bandwidth σ2eff < σ
2. A larger chirp
parameter, A, is thus required to reach the strong chirp
limit and the bandwidth compression in that limit (equa-
tion (5)) will be reduced.
We can again examine the extreme limits. In the sepa-
rable limit, σc →∞, measurement of the idler photon fre-
quency gives no information about the signal frequency
9and σ2eff = σ
2. In this case, we expect no modification
from the bandwidth compression predicted in Section I.
In the very strong entanglement limit, σc → 0, the ef-
fective bandwidth of the signal σ2eff → 0. Substituting
AL = −AP = A and ∆νP = 0 into equation (4), gives
∆νSFG = ∆νL, i.e., the chirp has no impact on the fi-
nal bandwidth and the SFG bandwidth is set by that of
the laser; there is no bandwidth compression in the very
strong entanglement limit.
EFFECT OF BANDWIDTH COMPRESSION ON
ENERGY-TIME ENTANGLEMENT
We have shown that energy-time entanglement impacts
the degree of bandwidth compression. It is interesting to
turn this question around and consider how energy-time
entanglement between the photons is modified through
the nonlinear interaction. It is well-known that entangle-
ment cannot increase through local unitary interactions.
However, here we consider only those components of the
final state in which the photon is up-converted, so entan-
glement could be concentrated in a similar manner to the
Procrustean protocol [2].
For pure two-photon states, entanglement can be quan-
tified using the entropy of the reduced density matrix of
either photon. Larger entropy indicates more entangle-
ment. The Re´nyi α-entropy for a quantum state ρ is
defined,
Sα(ρ) =
1
1− α ln Trρ
α, (S18)
where α > 1 [3]. In particular, we consider the case α = 2
as it shows states with larger entropy, and hence larger
entanglement, have lower purity, Trρ2.
Starting with the initial two-photon state from equa-
tion (9), it can be shown that the purity can be calculated
from the reduced density matrix of the signal photon, ρS ,
TrSρ
2
S =
∫∫∫∫
dνsdν
′
sdνidν
′
i
fP (νs, νi)f
∗
P (ν
′
s, νi)fP (ν
′
s, ν
′
i)f
∗
P (νs, ν
′
i)(S19)
=
√
σ2c (σ
2 + σ2c )
2(2σ2 + σ2c )
(σ2 + σ2c )
2
. (S20)
Checking limits, we find that for σc → ∞, TrSρ2S = 1
as expected for separable states, and for σc → 0 with
finite σ, TrSρ
2
S = 0 as expected for perfectly entangled
continuous-variable states.
A similar calculation can be done for the idler-SFG
photon state in equation (10). We can define the effective
two-photon spectral amplitude,
F˜ (νs, νSFG) =
∫
dνiF (νs, νi, νSFG). (S21)
Assuming the chirp rates are balanced and opposite,
AP = −AL = A and using σL to represent the laser
field RMS bandwidth and the two-photon spectral am-
plitude from equation (12), we calculate the purity, which
is given by the complicated expression,
TrSFGρ
2
SFG =
σ4σ2c (2σ
2 + σ2c ) + σ
2(σ2 + σ2c )(2σ
2 + σ2c + 4A
2σ4σ2c )σ
2
L + 4A
2σ4σ2c (2σ
2 + σ2c )σ
4
L√
σ4(σ2 + σ2c )BC
(S22)
B = σ2σ2c (2σ
2 + σ2c ) + (σ
2 + σ2c )(2σ
2 + σ2c + 4A
2σ4σ2c )σ
2
L + 4A
2σ2σ2c (2σ
2 + σ2c )σ
4
L (S23)
C = σ2cσ
2
L + σ
4
[
1 + 4A2σ2L(σ
2
c + σ
2
L)
]
+ σ2
[
2σ2L + σ
2
c (1 +A
2σ4L)
]
. (S24)
The difference in the purity before and after the upconversion process is,
TrSFGρ
2
SFG − TrSρ2S =
σ4(2σ2 + σ2c + 4A
2σ4σ2c )σ
2
L
(σ2 + σ2c )
2{σ2cσ2L + σ4 [1 +A2σ2L(σ2c + σ2L)] + σ2 [2σ2L + σ2c (1 +A2σ4L)]}
(S25)
This quantity is nonnegative and the purity cannot de-
crease, thus the entanglement cannot increase in the sce-
nario considered here. It is an interesting open question
whether such a statement could be generalized to higher
orders of perturbation theory. It is also interesting to see
if more complex shaped pulses could enable entanglement
concentration on the upconverted subensemble.
ERROR ESTIMATION FOR THE SPECTRAL
WIDTHS
We estimated the uncertainties in the bandwidth of
the SFG for the single photon and weak coherent state
in the following way. We characterized the resolution
of our spectrometer using a narrow band diode laser
(Toptica Bluemode) with 5 MHz of spectral width cen-
tered at a wavelength 404 nm. Using a fit to a Gaussian
10
function, we measure the spectrometer resolution to be
(0.033 ± 0.002) nm at the diode laser wavelength. We
measured the bandwidth for several input intensities and
found that bandwidth measured has some intensity de-
pendence at low power; this is the dominant source of er-
ror in the bandwidth. Using the expression ∆ν = cλ2 ∆λ
we determine the resolution to be ∆νR = (60± 4) GHz.
We measured the spectrum of the upconverted single
photons 6 times, fit each to a Gaussian function, and
found the width, 74 ± 1 GHz (see Fig. 2 in main text),
where the uncertainty is the standard deviation in the
widths from the fits. To include the spectrometer reso-
lution we add ±4 GHz in quadrature to obtain the re-
ported result, ∆νM = 74 ± 4 GHz. To deconvolve the
spectrometer resolution from this result for comparison
with theory, we assume Gaussian spectra and use the re-
lation, ∆νReal =
√
∆ν2M −∆ν2R = 43 GHz and Gaussian
error propagation gives an uncertainty of 9 GHz.
We apply the same method for the weak coherent state.
The measured width was fitted using one spectrum only,
with a value of 67.2± 0.4 GHz. Including the spectrom-
eter resolution gives ∆νWCSM = 67 ± 4 GHz, and decon-
volution yields ∆νWCSReal = 30± 12 GHz.
LASER REPETITION RATE STABILIZATION
Our experiment requires that two short pulses of light,
one from the single photon and the other from the strong
laser, overlap in space and time at the nonlinear up-
conversion crystal. Temporal jitter between the pulses
will lead to broadening of the second harmonic spectrum
since the central frequency of the light is dependent on
their relative delay. In many scenarios, perfectly time
synchronized pulses are created by splitting a single laser
pulse on a beamsplitter. This is common to many types
of interferometry or pump-probe techniques. In these
cases, the signal is insensitive to changes in the repeti-
tion rate of the laser and one need only consider small
changes in the relative path lengths. However, this is
not the case here, as the single photon (or weak coher-
ent state) and strong classical laser beam originate from
different laser pulses.
Our experimental setup is shown in Supplementary
Fig. 1. The optical delay for the down-conversion path
is t1 measured from the beamsplitter (BS1) through the
down-conversion to the end of the 2 m fiber. This delay
was carefully matched to that experienced by the weak
coherent state which we also label as t1. The additional
delay t′1 corresponds the one taken by either the single
photon or the weak coherent state through the 32 m of
single mode fiber, up to the nonlinear crystal. The op-
tical delay for the strong classical pulse is t2 measured
from the same beamsplitter, through the grating-based
stretcher and to the nonlinear crystal. The time delay
between subsequent pulses is 1/R, where R is the repeti-
W
L
SFG
P
SMF
...
t'1
t2 + n/R
...
n pulses
t1
t1
BS1
Supplementary Figure 1: Simplified version of
the experimental setup. The path length from the
first pulse to the nonlinear crystal has an optical delay
of t1 + t
′
1. This delay is equal to that experienced by
the weak coherent state to the nonlinear crystal. The
delay for the optical path from the beamsplitter to the
nonlinear crystal through the grating-based setup is t2,
but since the relevant pulse originates later than that
which creates the down-converted photon, we have to
add an additional contribution n/R where n is the
number of pulses later and R is the repetition rate of
the laser.
tion rate of the laser, in our case 80 MHz. To this second
path, we add the extra delay n/R to account for the fact
that the light arriving at the nonlinear crystal from path
2 originated n pulses later than that from path 1. Thus,
the timing difference, ∆t is
∆t = t2 + n/R− t1 − t′1. (S26)
Thus the relative time delay between either the single
photon and the strong classical pulse or the weak coher-
ent state and the strong classical pulse depends on both
the repetition rate and the number of pulses separating
them.
Experiment 1
We measured the spectral line of the sum-frequency
generated from the weak coherent state and the strong
laser pulse, as the repetition rate was manually detuned
from 80 MHz. The results from our experiment are shown
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in Supplementary Fig. 2. The data is well fit by a straight
line with slope 0.1188± 0.0004 nm/kHz.
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Supplementary Figure 2: Centre wavelength of
the sum-frequency generation as a function of
the laser repetition rate. The single photon was
replaced by the weak coherent state to perform this
experiment. The error bars are smaller than the data
points.
To find the expected frequency change for a given vari-
ation in the repetition rate, we start by finding the ex-
pected change in the time delay with respect to the rep-
etition rate
d(∆t)
dR
= − n
R2
. (S27)
Recall that the chirped pulses are created by applying a
quadratic frequency dependent phase, φ(ν) = A(ν−ν0)2.
The chirp rate, the rate of change of the instantaneous
frequency with time, is pi/A. Thus we expect that a
change in time of ∆t will cause a change in the frequency
dν = piAd∆t. We can then convert equation (27) to
dν
dR
= − npi
AR2
(S28)
dλ
dR
=
λ2npi
cAR2
. (S29)
Substituting λ = 400 nm, A = 26.2 × 106 fs2, R = 80
MHz gives
dλ
dR
∼ 0.01n nm
kHz
(S30)
We expect this to become significant in our experiment
when the change in wavelength approaches that of the
linewidth of our single photon, 0.04 nm. For n = 12,
this occurs when ∆R = 300 Hz. With the repetition
rate stabilization feature on our Spectra Physics Tsunami
(Lok-to-Clock), this is limited to ∆R < 10Hz and does
not constitute a significant source of spectral broadening.
To estimate n in our experiment, we use the slope of
the center wavelength versus the relative delay, and the
one of the center wavelength in function of the repetition
rate. From Fig.3 in the letter, we have dλdt′1
= (−0.0641±
0.0001) nm/ps = dλdt3 , where t3 = t2 +n/R. Additionally,
we have that dλdR = (0.1188 ± 0.0004) nm/kHz from the
slope of Supplementary Fig. 2. Using ddR =
dt3
dR
d
dt3
, we
find dλdR = − dλdt3 nR2 and hence
n =
(
dλ
dt3
)−1(
dλ
dR
)
R2 = 11.9± 0.1. (S31)
As expected from the lengths in our experiment, the
strong laser pulse arriving at the nonlinear crystal from
path 2 originates 12 pulses later than the single photon
from path one.
Experiment 2
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Supplementary Figure 3: Lok-to-Clock feature
off. The filled triangles correspond to the case when the
locking feature is on, and the empty triangles when the
feature is not activated. Each scan is 10 minutes long,
and repeated five times. The shift in the central
position in the case without the Lok-to-Clock is caused
by a 50 Hz detuning. The error bars are smaller than
the data points.
Throughout the experiments described in the main
body of the paper and above in the supplementary ma-
terial, we employed the repetition rate locking feature
on our Titanium:sapphire laser to maintain a constant
repetition rate. We took two sets of data, one with sta-
bilization on, the other with it off. The results are shown
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in Supplementary Fig. 3. For each set, we measured the
peak position of the upconverted weak coherent state,
with a 10 min. acquisition time and repeated five times.
The data show that the center wavelength drifts signifi-
cantly without stabilization.
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